of the quasibrittle fracture of concrete at meso-scale: Effect of classes of aggregates on global and local behavior. Cement and Concrete Research, Elsevier, 2016, 89, pp.35-44. 10.1016/j.cemconres.2016 Modeling of the quasibrittle fracture of concrete at meso-scale: Effect of classes of aggregates on global and local behavior The computational power allows nowadays the development of mesoscopic models of concrete, based on finite element or lattices approaches, which represent the contribution of inclusions to the behavior of concrete. However, the smallest heterogeneities are often removed to these simulations for decreasing the computation time. In this paper, the effect of aggregate classes on the fracture behavior of a plain concrete is studied. Different simulations are performed from a mesoscopic model based on a diffuse meshing technique and Fichant's damage model, in which the smallest aggregates are successively removed from the granular skeleton to the benefit of a homogenized continuous mortar. The effects of these simplifications are then evaluated by comparing the fracture behaviors obtained to the one of the reference concrete. The results show the relevance of modeling all classes of aggregates in order to obtain an accurate description of the failure behavior of concrete.
Introduction
The accurate description of concrete behavior through a macroscopic constitutive law is complicated by the high heterogeneities of cementitious materials. During the fracture process, after elastic and homogeneous strains, a micro-cracked zone called the Fracture Process Zone (FPZ) appears before the peak load. This damaged zone, formed by matrix microcracking, debonding of cement-aggregate interface, and grain bridging, tends to develop and to localize into a macro-crack, and finally critically propagates during the loading. This nonlinear zone is responsible for the dissipation of the elastic energy stored in the structure due to stress transfer. Commonly such behavior is called quasi-brittle. The characterization of the FPZ (by numerical [1] or experimental [2] analysis) constitutes a major challenge for the understanding of concrete mechanical behavior. Concerning the global mechanical response, a softening behavior occurs due to strain/damage localization (LEFM cannot correctly represent the stress field), and this has to be explicitly taken into account [3] . Concrete is a composite material with significant heterogeneities which have an important influence on concrete behavior at failure. The structure of concrete can be considered as
Nomenclature

B t
Parameter of the damage evolution law C ijkl Elastic Finite Element Method [9] , the Discrete Element Method [10] or the resource-intensive lattice method [11] . Because of the difficulty of meshing together small and large aggregates, most authors merely model the largest aggregates. The matrix is then composed with a mortar that accounts for the smallest aggregates. The aim of this paper is to present the influence of small aggregates on the failure behavior of plain concrete by the use of a damage constitutive law simulated from a Finite Element Model established at mesolevel, i.e., taking into consideration the roles of the cement matrix and of the aggregates. The damage model used for the simulation of the fracture behavior of concrete is an isotropic damage model developed by Fichant et al. [12] , that takes into account the unilateral effects, used at the mesoscale of concrete for both aggregates and matrix. The model is implemented in the finite elements code Cast3M © . Moreover, a diffuse meshing method is used, whereby the matrix and aggregates properties are projected on the shape functions of the finite element mesh. For this study, the accurate representation of the aggregates compactness is priority, that is a reason why the Interfacial Transition Zone (ITZ) is not represented in this mesoscopic model. Moreover, its mechanical parameters are difficult to assess and the use of a diffuse meshing method may offset this issue. Thus, in this mesoscopic model, a "natural" ITZ takes place since elastic and fracture parameters contrasts lead to a stress concentration and, thus, damage localizes at the paste-aggregates interface. In the following the parameters used for cement paste and aggregates refer to normal concrete for which intragranular cracking is expected. Indeed, in a plain concrete the aggregates are not expected to damage. Thus, in this case, the aggregates can be seen as strong inclusions and lead to tortuous crack path and consequently to a crack-path dependent fracture energy. This concrete configuration seems to be more appropriate in order to study the effect of aggregates classes on the fracture behavior compared to the case of high performance concretes (HPC). The model is also able to capture trans-granular cracking by adopting appropriate parameters which is more appropriate for high performance concretes.
In this paper, the isotropic damage model [12] is presented along with the generation process of the mesostrucrure of concrete, as well as the estimation procedure of the mechanical and fracture properties of the aggregates and the mortar matrix. The computing strategy used to investigate the influence of aggregate classes on the fracture behavior is then explained. Finally, the relevance of modeling all or part of the aggregate classes of concrete by a numerical homogenization method is studied and discussed.
Constitutive damage model
Principle of the constitutive model
The damage model used is the isotropic damage model developed by Fichant [13] , which is an extension of Mazars' model [14] taking into account the unilateral effect of concrete and inelastic strains (plasticity). The microcracking effect is directly linked to the internal state damage variable D. This damage variable is ranged from 0, for an undamaged material, to 1, for a fully damaged material. The notions of damaged and undamaged lead to the concept of effective stresss(1), which represents the necessary stress to apply to an undamaged material element so that it deforms the same way as a damaged element under total stress s (2) .
where e e kl is the local elastic strain fields and C 0 ijkl the initial isotropic elastic stiffness tensor. The total stress is described by:
where C damaged ijkl is the damaged material stiffness tensor. Based on Eqs. (1) and (2), the relation between total and effective stress can written as follows:
where (C 0 klmn ) −1 is the initial compliance tensor and D the scalar variable of the isotropic model. The evolution of the isotropic damage variable D is expressed as an exponential law:
where
is a damage parameter driving the shape of the strain softening and in which f t is the tensile strength, G f is the fracture energy and h corresponds to the size of the finite element (in 2D analysis h corresponds to the square root of the element surface if the element is isotropic). Moreover, in Eq. (4) e d0 is the damage threshold expressed in strain, i.e., (e d0 = f t E ) where E is the Young modulus, and e eq is the equivalent strain defined by Mazars which drives damage evolution and describes the state of local extension induced by stress:
where e e i is the principal elastic strain in the i-direction and + corresponds to the Mac Cauley operator. The mesh dependency is controlled through the energetic regularization based on the Crack Band Theory [15] (i.e., the fracture energy G f related to the softening behavior). The fracture zone is then considered with a certain width h where micro-cracks are uniformly distributed. The energy dissipation due to fracture per unit length is therefore constant with G f = h ∞ 0 sde. By replacing s with the damage evolution law, the relation between the parameter B t , the fracture energy and the element size can be obtained [16] . To conclude, the post-pic behavior is adjusted for each element size h in order to dissipated the same amount of fracture energy. The damage constitutive law is applied on each Gauss point (which represents either the paste or an aggregate). After the estimation of an effective stresss calculated from the total strain increment (from an imposed displacement), the internal variable D is calculated thanks to the Eq. (4). Then, the total and the inelastic stresses tensors are estimated from the isotropic damage variable D.
Model parameters
As already mentioned, the damage model takes place at mesoscale, i.e., the fracture behaviors of the aggregates and of the mortar matrix follow the isotropic damage model with damage parameters corresponding to each component. The input parameters (Young modulus, Poisson's ratio, tensile strength, and fracture energy) for cement matrix and aggregates are summarized in Table 1 . The most of used properties are from literature [17, 18] . Note that in our case, limestone aggregates were simulated and this lead to the use of a low Young's modulus of the aggregates [19] . As a plain concrete is studied, the damage threshold e d0 of the aggregates might be higher than the cement paste,thus, the choice of a "low" but "realistic" Young's modulus has been made. Nonetheless, the elastic's modulus of aggregates does not strongly influence the crack path since this latter is mainly governed by fracture properties. Note that the elastic mismatch between matrix and aggregates creates stress concentrations at the aggregates' interfaces and promotes the development of damage in these areas.
Solving procedure
The finite element problem is solved using the classical procedure for non linear problems that is programmed within the Cast3M code. This procedure is based on an implicit time scheme and a quadratic scheme of kind BFGS [20] for the material non linearities. Small time step is adopted in order to avoid bifurcated solutions that would unless occur. 
Mesostructure
Generation of the mesostructure
The generation of the mesostructure consists of randomly placing the aggregate particles in the matrix on the basis of a stochasticheuristic algorithm: the aggregates are placed one by one from the largest to the smallest (take and place approach) [21] . If a dropped aggregate overlaps one already in place, a new draw is carried out until no overlapping remains. The spatial distribution of the aggregates follows the aggregate grading curve of the concrete studied (M75C concrete) given by Hager [22] (Fig. 1 ). Ten classes of aggregates are generated according to Fig. 1 for a global volume fraction of aggregate of 70% (Fvg). The volume fraction of each class of aggregates ( fg i ) and their diameters (Ø i ) used in the numerical concrete are presented in Table 2 .
For this study the "digital concrete" model is developed in two dimensions due to the large number of simulations, and hence aggregates are simply represented with a circular shape [23] . After each draw (following the previous algorithm), the position of all aggregates (coordinates X i , Y i of the center of a particle with Ø i diameter) is known in the "mesoscopic box" and can be imported in the finite element code for the meshing process.
Diffuse meshing method
The mesoscopic mesh is obtained by using the diffuse meshing method [18] in which the heterogeneous material properties are directly projected on the Gauss points of any finite element mesh (regular or not). This method serves to represent different materials in one finite element; additionally, the shape of the aggregates is not really meshed. In our case the mesh is a regular grid made up of four-node quadrilateral elements (Fig. 2) . The elementary stiffness Table 2 Volume fraction of each class of aggregates matrix Ke ij is calculated as a function of the distribution of different materials (aggregates and matrix).
where N is the number of Gauss points, y g is the weight associated with each Gauss point, n g and g g are the coordinates of Gauss Points, B ij is the gradient of the shape function matrix and C kl is the stiffness tensor of the material at Gauss point g. Unlike the exact meshing method, the diffuse meshing method allows an easy generation of the smallest aggregates. Nevertheless, the downside of using a regular grid is that the size of an element is totally dependent on the diameter of the finest aggregates. N'Guyen [18] showed numerically if the element size h is less than the third of the minimum diameter (Ø min ), the fracture behavior obtained on the basis of the diffuse mesh technique is similar to the one obtained on the basis of an exact meshing method (see Section 2.2 of [18] ). Moreover, Grondin et al. [24] showed that the stability of the results according to the random distribution of heterogeneities for an exact meshing method is obtained if the finite element size is equal to 0.8 times the smallest inclusion diameter. An element size of 0.3 mm was chosen in our case:
This element size is used for all FE simulations (reference concrete, mortars, and simplified concretes described in the following). Thus, the regular FE mesh is the same for all configurations of concretes studied. The diffuse meshing method serves to represent a wide range of classes of aggregates according to the grading curve of concrete in strict compliance with the granular compactness.
In this study, the choice is made to simulate the experimental aggregate compactness as well as the smallest aggregates, to the detriment of the ITZ simulation which is not considered in the present model. Nevertheless, as shown below, the damage simulation from this model will occur at the matrix/aggregate "interface". Thanks to the stiffness mismatch between the two components, it is in agreement with the expected experimental location of the damage in concrete. On the other hand, the simulation of all aggregate classes of concrete, and especially those corresponding to the smallest aggregates, involves extensive computation time due to necessarily fine meshes. It is therefore tempting to eliminate the smallest aggregates in order to enlarge the minimum size of the finite elements and hence to decrease the computation time. The main question concerns the influence of such a simplification of the microstructure on the global and local simulated fracture behavior of concrete. The answer to this question is the subject of the present study. 
Effect of the microstructure simplification on the simulated fracture behavior
Simulation samples
The numerical simulations are conducted from a notched specimen loaded in tension under plane stress condition in 2D from an imposed displacement on the upper boundary of the specimen (as shown in Fig. 3 ). During the simulation, the displacement increment follows a geometric progression from 0.4 lm micrometer to 300 lm. This kind of progression imposes low displacement increment around the peak load then, higher and higher displacement increment until the end of the simulation (corresponding to the typical asymptotic behavior of quasi-brittle materials). Nevertheless, the choice of the displacement increment is quite important for avoiding any converging problem during the resolution. The dimensions of the specimen are 10 × 10cm 2 in order to have a Representative Elementary Volume (REV). According to Grondin [25] , the length of REV (L REV ) must be higher than 5 times the maximum diameter of
Simulation procedure
In order to answer the question of the effect of the microstructure simplification on the simulated fracture behavior, a comparison of the mechanical and damage responses between the reference configuration where all classes of aggregates are present and configurations corresponding to successive simplifications of the mesostructure of mortar are performed. The simplified configurations of concrete consist in successively removing the lower aggregate classes of the granular skeleton to the benefit of a mortar matrix; the mortar matrix thus considered is simulated as a continuous medium whose mechanical and fracture properties are estimated from a mortar constituted by the cement matrix and the lower aggregate classes. The simulation procedure comprises four successive steps:
1. Simulation of the numerical tensile test using the reference digital concrete where all the classes of aggregates i = 1 to 10 are present (Table 2 ) and using the properties presented in Table 1 . of a mortar made up of the cement paste and the 1 to i aggregate classes is obtained as:
The volume fraction per class of aggregate can be obtained by a proportional law using Fvg * 1−i
. The mortar is identified by the following nomenclature: "1_(i)P-(i+1)_10M" where i is the highest class of aggregates present in the mortar. P means "Present" and M means "Missing". In this study, classes of aggregates are deleted until Ø = 6.3 mm (class n • 6). Note that only 6 different mortars are considered in this study, i.e., consisting in the successive inclusions of the 6 lower aggregate classes. 3. Estimation of the elastic and fracture properties of mortar "1_(i)P-(i+1)_10M" defined in step 3. Young modulus (E HM ), Poisson coefficient (m HM ) and tensile strength ( f tHM ) are estimated from the load-displacement response obtained from the simulation of a tensile test on an un-notched specimen (specimen shown in Fig. 3 but without notches), while the fracture energy (G fHM ) is estimated from a notched specimen (Fig. 3 ) in order to obtain a single final crack and so a relevant value of the fracture energy. Note that the tensile strength ( f tHM ) is estimated from an un-notched specimen, thus avoiding the notch effect. 4. Finally, the last step consisted in simulating concrete with a simplified mesostructure, i.e., comprising the i+1 to 10 upper aggregate classes and a mortar (continuous medium) whose homogenized properties correspond to those estimated from step 3 "1_(i)P-(i+1)_10M" as shown in Fig. 4 . The nomenclature of the simplified concrete is "1_(i)H-(i+1)_10P" where H means "Homogenized" and P means "Present". Note that the properties of the present aggregates in the simplified concrete remain equal to those defined in Table 1 . Six simplified mesostructures of mortar are simulated as shown in Fig. 4 , and their load-displacement responses obtained from the tensile test on the notched specimen (Fig. 3 ) are compared to the reference one obtained in step 1. On the other hand, in order to obtain an average fracture behavior for each concrete configuration, i.e., a fracture behavior independent of the aggregate location in concrete, ten draws of the mesostructure are performed for each concrete configuration (reference concrete configuration and simplified ones) as well as for each mortar shown in Fig. 4 . Moreover, note that the 10 draws of each simplified concrete are obtained for the 10 draws of the reference concrete. Thus, the effect of the smallest aggregates on the damage location and on the crack path (tortuosity) can also be studied by comparing the corresponding reference and simplified configurations.
Identification of homogenized mortar properties
For each of the six homogenized mortars shown in Fig. 4 , 10 draws are simulated for the un-notched specimen -estimation of E HM , m HM , f tHM -and 10 draws are simulated for the notched oneestimation of G fHM -i.e., 120 simulations. Fig. 5 shows the average load-displacement responses (average of the 10 draws) obtained in the case of notched mortar specimens. The 120 load-displacement responses are analyzed and lead to the average and standard deviations of elastic and fracture properties reported in Table 3 . Note that, according to the RILEM 50-FMC [26] , fracture energy is defined as the amount of energy necessary to create one unit of area of crack and can be computed as:
where W F is the work of fracture (considered as the whole area under the load-displacement curve), B is the sample thickness and D − a 0 is the ligament length.
As shown in Table 3 and according to Kim and Abu Al-Rub [27] , the tensile strength and the elastic modulus (Fig. 6 ) tend to linearly increase with the addition of aggregate classes and the corresponding increase in the volume fraction of aggregates. The same trend is observed with the fracture energy. Thus, as a function of the increase in the volume fraction of aggregates, the crack path becomes more tortuous and leads to a higher fracture energy [28, 29] . In other words, the high classes of aggregates (large diameter) increases the tortuosity of the crack path at large length scales while the fine classes (small diameter) tends to increase the tortuosity of the crack path at small length scales. In fact, with the addition of aggregates classes from the finest one, both effects act in the same time and tend to increase the "overall" length of the crack path and consequently of the resulting macroscopic fracture energy. Globally, standard deviations of elastic modulus and tensile strength are low. However, the standard deviation of the fracture energy is higher and increases as a function of the volume fraction of aggregates due to the scattering observed for the crack paths. For instance, a coefficient of variation of 25% can be noted for the configuration "1_6P-7_10M" corresponding to the highest volume fraction of aggregates (Fvg * ). An Anderson-Darling Normality Test was performed and shows that the fracture energy values follow a normal distribution. Thus, in order to take into account the scattered character of the fracture energy in the following parts of the study, three values of fracture energy are successively used: G fmean which is the average of 10 draws and G fmin and G fmax which are respectively the average value plus-minus 2 times the standard deviation (representation of 95% of the set for the normal distribution). Fig. 7 shows the load-displacement responses obtained from simplified concretes "1_(i)H-(i+1)_10P" compared to the response of the reference concrete. Fig. 7a corresponds to the responses obtained from a fracture energy of the homogenized mortar corresponding to G fmean . It can be noted that the responses observed in the pre-peak regime (peak included) are analogous to the reference one, while in the post-peak regime, the responses overestimate that expected and consequently lead to overestimated values of the fracture energy compared to the reference one. In fact, damage to the simplified concretes localizes later compared to the reference simulation and leads to a residual stress which tends to increase the fracture energy. A surprising result is that the overestimation of the fracture energy is inversely proportional to the volume fraction of aggregates in the homogenized mortar.
Simulations of simplified concretes: Influence of the finer classes of aggregates
Comparison of mechanical responses
The use of the lower values of the fracture energy G fmin instead of the average one G fmean for the homogenized mortars reduces the overestimation of the fracture energy, as shown in Fig. 7b , but the same tendency can be observed in the effect of the volume fraction of aggregates in the homogenized mortars and a slight disagreement can be observed concerning the expected peak value. Fig. 8 shows the evolution of the elastic modulus of the simplified concretes. The values are quasi-constant and analogous to the reference with a maximum coefficient of variation of 0.55% (black square symbol), which seems to validate the homogenization method used to estimate the elastic properties of homogenized mortars. Fig. 9 shows the fracture properties f t and G f obtained for the 6 simplified concretes. The tensile strength f t values increase slowly throughout the homogenization process with a maximum average error compared to the reference one of about 0.6%, which is smaller than the reference standard deviation even if the minimum and maximum values of G f are considered. Nevertheless, the best agreement for f t is obtained by using the average value of G f (G fmean ) for the homogenized mortar (HM). As expected from the load-displacement curves (Fig. 7) whose the magnitudes in the post-peak regime are greater than the one of the reference concrete, the total fracture energies of the simplified concrete overestimate the fracture energy corresponding to the reference one. This phenomenon is explained from Figs. 10,11 and 12 by damage fields more diffuse and continuous in simplified concretes compared to the one observed in the reference one and corresponding to an increase of the number of damage elements. Associated to an increase of the fracture energy of the corresponding homogenized mortars (Table 3) , the increase of the number of damage elements lead to an overestimation of the total fracture energy. On the other, the total fracture energy G f of the simplified concretes tends to slightly decrease with the successive elimination of the finer classes of aggregates (Fig. 9 ) and this, in spite of the increase of the fracture energy of the corresponding homogenized mortars.
Comparison of elastic properties
Comparison of fracture properties
Comparison of damage fields and crack paths
The study of damage fields and resulting crack paths is illustrated here from one draw of the simplified concrete, i.e., considering a given granular skeleton where the smallest classes of aggregates are successively removed to the benefit of the homogenized mortar (Fig. 10) . As shown in Fig. 10 , the damage fields and the crack path (represented by deformation fields e yy which seem to be sensitive to the real crack path) of the reference concrete exhibit pictures of the failure process which are analogous to those experimentally expected. Note that the damage fields and crack path plotted in Fig. 10 are considered as typical of the damage fields and crack paths observed on the 10 draws of granular skeleton. Removing aggregates leads to extended aggregate spacing and significantly impacts the dimensions of the damage zones. Indeed, one can observe that the successive removal of lower aggregate classes induces a widening of the zone where FE exhibit greater damage than that observed in the reference simulation. This means that the damage field may not only be related to the aggregate sizes but also to the grain size contained in the cement matrix [30] .
Therefore, the homogenization process of mortar leads to a loss of information at small length scales where the microstructure seems to play an important role. Moreover, the numerical results could be analyzed with the same Acoustic Emission (AE) analysis process [31] , considering an analogy between recorded events from AE (corresponding to micro-crack nucleation) and numerical damaged elements [32] . It is on the basis of this latter remark that posttreatment results are achieved (Figs. 11, 12, 13 ). Fig. 11 shows that removing aggregates from the granular skeleton increases the number of damage elements (i.e., elements for which D = 0) and this is true for the same number of FE constituting the mesh whatever the configuration studied. Since there are fewer aggregates, the localized damage zone is less confining. In addition,according the global response, the cumulative number of damage elements is clearly lesser in the reference concrete compared to the one of the reference mortar. On the other hand, Otsuka has shown that the development of the FPZ takes place between 30% in pre-peak regime and 70% in post-peak regime [33] . Fig. 11 is also in agreement with this latter result insofar as the number of damaged elements is highly varied in this loading interval. Another way to observe the different damage fields as a function of the considered configuration consists in estimating the probability density function of the cumulative number of damaged Gauss points along the y-coordinate (i.e., perpendicularly to the final crack path), as shown in Fig. 12 from the inserted graph exhibiting two examples of the obtained probability density function. Moreover, in order to compare the probability density functions, these ones can be fitted with a reasonable accuracy from a Gaussian distribution as shown in Fig. 12 (inserted graph) . The resulting Gaussian distributions are plotted in Fig. 12 and exhibits a strong dependence of the maximum probability as a function of the configuration considered. Note that all the simplified concretes lead to maximum probabilities greater than those observed for the reference configuration and that this overestimation of the maximum probability increases as a function of the simplification of the granular skeleton of concrete. Moreover, if according to Haidar [34] , the width of the FPZ might be estimated from a horizontal straight line which intercepts the probability density function curve at 20% of its maximum (related to the maximum number of events for a y-coordinate location), the FPZ width appears to be dependent on the granular skeleton simplification and decreases with the simplification level ( Fig. 13 ). Note that even if removing lower classes of aggregates tends to enlarge the damage fields, the probability of getting a damage element (or Gauss point) near the ligament is higher, and the concrete is more lacking in low aggregate classes. Thus, an error in the estimation of the width of the FPZ occurs with the simplification level.
Conclusions
The possibility of removing the smallest aggregate classes in the mesoscopic modeling of concrete due to time considerations was studied in this paper. To this end, a simulation procedure was established where lower aggregate classes were progressively removed from the granular skeleton to the benefit of a homogenized continuous mortar matrix. An isotropic damage model was used at the mesoscopic scale through a two-dimensional analysis which is useful for predicting the behavior qualitatively. This study was made for a parameter set that the cement paste is considering as the leak component, thus a standard concrete was studied. This model gives a good description of the failure process in concrete, ranging from diffuse damage to localization, towards a final crack. In addition, it is able to highlight the existence of branching cracks, due to (i) the mesostructure, (ii) the boundary conditions and (iii) the geometry of the specimen (notch). The impact of removing the lower classes of aggregates (small diameter) is analyzed by comparing the macroscopic behavior and the damage fields of the simplified concrete with different levels of granular skeleton simplification. The results show that the homogenization technique has no impact on the pre-peak region of the load-displacement curves, giving Young modulus and tensile strengths in agreement with those expected from the reference simulation. In other words, the homogenization procedure proposed in the paper is successfully applied for the elastic properties and it is clearly observed that the pre-peak load-displacement response is mainly governed by the elastic properties. However, the softening behaviors observed in the post-peak regime lead to an overestimation of the fracture energy. This is due to different damage fields and crack paths generated by the presence of small aggregates during damage localization and the softening process: small aggregates like sand are helpful for the strain and damage localization, and large aggregates bring tortuosity increasing dissipated energy for the failure. To conclude, the response obtained by the homogenization of one or several classes of aggregates can lead to an error in interpreting the global response and the damage fields, since different mechanisms induced by deleted aggregates are lost during the homogenization. Thus, for an accurate description of concrete failure, the whole granular skeleton must be considered even if this involves expensive computation time. The whole study is based on the consideration of a plain concrete, i.e., intergranular fracture. A new study might to be realize with the consideration of transgranular fracture (HPC) and/or a mixed inter-and trans-granular (thanks to the use of a Gaussian properties distributions for each component).
